Objective: Heart rate variability (HRV) reflects functioning of the autonomic nervous system and possibly also regulation by the neural limbic system, abnormalities of which have both figured prominently in various etiological models of schizophrenia, particularly those that address patients' vulnerability to stress in connection to psychosis onset and exacerbation. This study provides data on cardiac functioning in a sample of schizophrenia patients that were either medication free or on atypical antipsychotics, as well as cardiac data on matched healthy controls. We included a medication-free group to investigate whether abnormalities in HRV previously reported in the literature and associated with atypical antipsychotics were solely the effect of medications or whether they might be a feature of the illness (or psychosis) itself. Method: We collected 24-hour ECGs on 19 patients and 24 controls. Of the patients, 9 were medication free and 10 were on atypical antipsychotics. All subject groups were matched for age and gender. Patient groups showed equivalent symptom severity and type, as well as duration of illness. We analyzed the data using nonlinear complexity (symbolic dynamic) HRV analyses as well as standard and relative spectral analyses. Results: For the medication-free patients as compared to the healthy controls, our data show decreased R-R intervals during sleep, and abnormal suppression of all frequency ranges, but particularly the low frequency range, which persisted even after adjusting the spectral data for the mean R-R interval. This effect was exacerbated for patients on atypical antipsychotics. Likewise, nonlinear complexity analysis showed significantly impaired HRV for medication-free patients that was exacerbated in the patients on atypical antipsychotics. Conclusions: Altogether, the data suggest a pattern of significantly decreased cardiac vagal function of patients with schizophrenia as compared to healthy controls, apart from and beyond any differences due to medication side effects. The data additionally confirm earlier reports of a deleterious effect of atypical antipsychotics on HRV, which may Heart Rate Variability in Schizophrenia Neuropsychobiology 2005;51:10-15 11 exacerbate an underlying vulnerability in patients. These results support previous evidence that autonomic abnormalities may be a core feature of the illness (or psychosis), and that an even more conservative approach to cardiac risk in schizophrenia than previously thought may therefore be clinically appropriate.
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Introduction
Heart rate variability (HRV) is thought to reflect the interplay of the parasympathetic and sympathetic autonomic nervous system (ANS) on the cardiac pacemaker. While regularity of the heart rate is commonly associated with cardiac health, in fact the opposite is true: low HRV predicts a diverse range of cardiac problems, including myocardial infarction [1] [2] [3] . The necessity for HRV is a consequence of the externally and internally chaotic environment in which organisms live. The ANS must adapt not only in providing physiological changes necessary for the arousal response, such as increased heart rate, but must also efficiently return to its rest state, reducing unnecessary wear and tear on the body.
Increasingly, concerns about potentially dangerous cardiac side effects of antipsychotic medications have made the examination of HRV in schizophrenia assume clinical importance. Several studies within the past several years appear to implicate atypical antipsychotics, particularly clozapine, with respect to decreased HRV [4] [5] [6] and QTc prolongation [7, 8] . However, one common limitation of the HRV studies is that they do not normally include a medication-free group (the study by Agelink et al. [9] is a notable exception having obtained HRV data on a large medication-free patient group, but they used significantly different methods, including 5-min rather than 24-hour sampling). Thus, it is important to determine whether the cardiac effects of medication are the result only of these medications or an underlying vulnerability associated with schizophrenia (or psychosis) itself.
The latter assumes particular relevance because many etiological theories of schizophrenia implicitly or explicitly place critical importance on the role of dysregulation of the limbic system and/or ANS in symptom formation and exacerbation, including hypotheses advanced by Mujica-Parodi et al. [31] , Nuechterlein et al. [10] , Grossberg [11] , and Venables [12] . Studies consistently demonstrate both correlations between the prodrome of schizophrenia and heightened anxiety states [13] , as well as the association between relapse in schizophrenia and even minor increases in stress [14] . Research showing patients' elevated cortisol levels and dexamethasone nonsuppression, common hormonal measures of stress, supports the view that a sizeable proportion of patients exhibit significant levels of hyperarousal and impaired inhibition of the arousal response, and that these appear to correlate specifically with psychosis [10] . Finally, physiological studies consistently demonstrate compromised modulation of the sympathetic and parasympathetic nervous system in schizophrenia. For example, up to 50% of schizophrenia patient samples show abnormalities in pupil reactivity [15] , electrodermal activity [16, 17] , and orienting responses to novel stimuli [18] .
The purpose of this preliminary study was to examine whether HRV might be altered in a medication-free sample of schizophrenia patients, as compared to medicated patients and healthy controls, and thus whether the cardiac differences seen in patients with schizophrenia may be associated with the disease (or psychosis) itself. One unique feature of this study was our use, in addition to the standard spectral analysis, of nonlinear complexity (symbolic dynamic) analysis as a more direct, and therefore perhaps more sensitive, measure of the degree of 'chaos' among R-R intervals [19] [20] [21] .
Methods
We recruited 19 patients diagnosed with DSM-IV schizophrenia or schizoaffective disorder from the Schizophrenia Research Unit of the New York State Psychiatric Institute. In addition, we recruited 24 age-and gender-matched healthy controls from the Wright State University. For patients, DSM-IV diagnoses were derived from the Diagnostic Interview for Genetic Studies [22] . Of the patients, 9 were medication free, and 10 were treated with atypical antipsychotics (7 clozapine, 3 olanzapine). For ethical reasons, the patients' medication status was a function of treatment choices made by the treating physician and patients, rather than by the researchers. However, post hoc comparison confirmed that there were no significant differences between patient groups with respect to sex, age, or illness duration, nor with respect to the degree of positive or negative symptoms, as determined using the Positive and Negative Syndrome Scale (PANSS) [23] . Demographic and clinical characteristics of the sample are described in detail in tables 1 and 2. All subjects were physically healthy as indicated by recent physical examinations, laboratory evaluation of complete blood chemistry, thyroid function tests and 12-lead clinical ECGs. No subject had cardiovascular, respiratory, or endocrine illness, current substance abuse, or a history of substance abuse that obscured diagnosis. All participants gave their written informed consent for this study, approved by the Institutional Review Boards of the New York State Psychiatric Institute and the Wright State University.
Subjects wore portable ECG Holter monitors (patients wore Marquette cassette recorders, while controls wore Del Mar Cardiocord- ers) over 24 h, and were instructed to conduct their normal activities during this time. We analyzed 20 h of the subjects' 24-hour ECG data according to our previous methods [21] . Data recorded on the Holter monitor were then digitized using a Marquette 8000 scanner to derive R-R intervals. Sleep-wake times were confirmed using hourly inspection of R-R intervals to detect a sustained drop in heart rate. Any premature ventricular beats, defined as deviating from the previous interval by more than 30% were eliminated; gaps were filled with an average value in the immediate neighborhood. The edited time series were then sampled at 2 Hz to obtain the instantaneous heart rate, providing a low-pass filter and allowing an accurate estimation of the power spectrum up to 0.5 Hz, equivalent to a mean breathing rate of 30 breaths per minute. Data were then converted back to R-R intervals, and linearly detrended prior to spectral analyses. We performed both spectral and nonlinear complexity analyses on the data. For spectral analyses, powers were integrated in the following bands: total power (TP; 0-0.5 Hz), ultra-low frequency (ULF; 0-0.0033 Hz), very low frequency (VLF; 0.0033-0.04 Hz), low frequency (LF; 0.04-0.15 Hz), and high frequency (HF; 0.15-0.5 Hz). To normalize the spectral data with respect to the mean R-R interval, we also calculated relative powers, defined as the ratio of power to TP for each frequency band. As shown below, nonlinear complexity analyses are intrinsically normalized for the mean R-R interval. This method is therefore particularly well suited to evaluate HRV differences between groups with significantly different heart rates.
Research using autonomic blockers has established general guidelines for interpreting the power spectra, although there remains some degree of controversy in separating out the roles of the parasympathetic and sympathetic nervous system, particularly for the LF range. Following the original work of Akselrod et al. [24] and confirmed by later studies [25] , the HF range is associated almost entirely with parasympathetic modulation. The LF range is thought to include both sympathetic and parasympathetic components. The VLF is also a marker for sympathetic activity, as well as thermoregulatory processes, peripheral vasomotor activity, and the renin-angiotensin system. The ULF is associated with long-term regulatory mechanisms. The ratio of LF to HF power is considered to correspond with the sympathovagal balance.
Symbolic dynamics, a measure of nonlinear complexity, is based on the principle that complex variability between heart beats can be described by the representation as a consecutive series of R-R interval combinations defined with respect to the individual's mean R-R interval [19, 20] :
where t n -t n-1 = R-R interval, Ì = mean R-R interval, and a = 0.1. Each 'word' is composed of four symbols: '0', '1', '2', and '3'. Our adaptation of these techniques [21] defines the 'word count' variable as the percentage of different 'words', out of all 64 combinatorial possibilities, found in an individual's heart rate. Lower word count corresponds with fewer different beat-to-beat sequences, and therefore lower variability.
Results
As shown in table 3, our ANOVA with the Dunnett two-sided post hoc tests showed that differences between patients and controls were significant for nearly all cardiac variables, that medication-free patients showed cardiac abnormalities, and that these abnormalities were exacerbated in patients on medications. Cardiac variables were unrelated to subdiagnosis (paranoid, disorganized, undifferentiated), sex, ethnicity, or duration of illness. Cardiac variables were also unrelated to specific symptoms, including delusions, disorganization, hallucinations, excitement, grandiosity, hostility, or anxiety (as described by the PANSS), with the one exception of 'suspiciousness and feelings of persecution', which showed a trend correlation with low symbolic dynamic HRV during sleep (p = 0.059) and lowered normalized spectral HRV for the HF range (p = 0.070).
Medication-Free Patients
Our sample of medication-free patients showed globally reduced spectral power across all frequencies except the ULF range, as compared to healthy controls (lnTP: p = 0.056; lnHF: p = 0.028; lnLF: p = 0.000; lnVLF: p = 0.009), particularly of the LF range, which includes both sympathetic and parasympathetic components. The mean R-R intervals of the medication-free patients were 11% shorter than those of the controls during sleep (p = 0.10) and 2% higher than those of the controls during waking (n.s.). Spectral data normalized for TP showed a relative lowering for schizophrenia patients of the LF (p = 0.068) but not HF (n.s.) range. Symbolic dynamic analysis of heart rate, intrinsically normalized for the mean R-R interval, showed significantly less variability in the R-R intervals of the medication-free patients than in those of healthy controls, particularly while awake (awake: p = 0.000; asleep: p = 0.033).
Medicated Patients
The medication-free patients' lowered HRV was further significantly worsened in the patient group treated with atypical antipsychotics, including TP (p = 0.000) as well as all spectra (lnHF: p = 0.000; lnLF: p = 0.000; lnVLF: p = 0.000; lnULF: p = 0.000). As the medicated patients' 20-hour mean R-R intervals were significantly lowered compared to those of the other groups (p = 0.000), it was particularly important to further analyze their data using relative spectral powers and symbolic dynamic analysis. Relative ULF, VLF, LF and HF powers were significantly lower in the medicated group compared to healthy controls (p = 0.015, 0.003, 0.016, and 0.002, respectively). Symbolic dynamic analysis confirmed significantly lowered HRV (awake: p = 0.000; asleep: p = 0.001).
Conclusions
Our results, using both spectral and symbolic dynamic analyses, show decreased R-R interval variability in medication-free patients compared to healthy subjects, particularly of the LF range, and further significant global decrease in patients with atypical antipsychotics, suggesting a compromised cardiac vagal function in patients with schizophrenia that is exacerbated in patients treated with atypical antipsychotics. When analyzed by subgroups, the presence of these factors in the medication-free patients combined with equivalent symptom severity between the groups suggests that decreased vagal function exists independently of medication side effects, and thus is likely to be associated with the presence of schizophrenia or psychosis itself. The fact that the patients' R-R intervals increase far less than the controls' during sleep periods indicates a relative decrease in sympathetic inhibition during sleep, which is consistent with clinical observations of disturbed sleep in this population [26] . However, we found no significant changes in LF/HF ratios between the groups for any of the measures.
Interestingly, the autonomic profile demonstrated in schizophrenia is similar to that found in anxiety disorders [27] , in which parasympathetic function is affected. A recent study by Okada et al. [28] has also shown a connection between decreased cardiac vagal function and more pronounced psychotic symptoms in patients with schizophrenia. In this context, the significant decreases in linear and nonlinear complexity of R-R interval time series in our patient groups may explain in part the association between schizophrenia and increased cardiac mortality. Toichi et al. [29] have also reported similar results linking psychotic symptoms to cardiac parasympathetic dysfunction. The decreased ULF power in medicated, but not medication-free, patients may be important, as the study of Bigger et al. [30] has shown a strong association between decreased ULF power and increased cardiac mortality in patients with cardiac illness.
Post hoc analyses with respect to symptoms, as described by the PANSS, raise intriguing questions as to whether autonomic differences found in schizophrenia may be either attributable to or responsible for the feelings of paranoia common to the illness. Future studies with greater numbers of medication-free patients, capable of greater discrimination with respect to symptom type, may shed valuable light on this issue.
One limitation of our study is the absence, due to clinical considerations, of a repeated-measures design in which every subject is tested off and on medications. Such a design would have tested more directly the question of whether patients improved or deteriorated on cardiac measures according to medication status/type. With our current design, however, the data suggest an even more conservative approach towards cardiac risk than originally thought. If increased cardiac risk in schizophrenia exists independently of medication effects, then cardiac screening and/or monitoring may therefore be appropriate even in the absence of treatment with atypical antipsychotics.
